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Abstract: Electric vehicle (EV) charging stations fed by photovoltaic (PV) panels allow integration of
various low-carbon technologies, and are gaining increasing attention as a mean to locally manage
power generation and demand. This paper presents novel control schemes to improve coordination
of an islanded PV-fed DC bus EV charging system during various disturbances, including rapid
changes of irradiance, EV connection and disconnection, or energy storage unit (ESU) charging and
discharging. A new hybrid control scheme combining the advantages of both master–slave control
and droop control is proposed for a charging station supplying 20 EVs for a total power of 890 kW.
In addition, a three-level (3L) boost converter with capacitor voltage balance control is designed
for PV generation, with the aim to provide high voltage gain while employing a small inductor.
The control techniques are implemented in a simulation environment. Various case studies are
presented and analysed, confirming the effectiveness and stability of the control strategies proposed
for the islanded charging system. For all tested conditions, the operating voltage is maintained within
5% of the rated value.
Keywords: photovoltaic systems; electric vehicles; charging stations; islanded microgrid; droop control
1. Introduction
The transportation sector is one of the main contributors to Greenhouse Gas (GHG)
emissions [1]. Following the introduction of Electric Vehicles (EVs), it is expected that an
effective de-carbonization of the transportation section will take place in the next decades,
thus contributing to the achievement of the targets stated in the Paris Agreement [2].
However, with the rapidly increasing number of EVs, the demand for charging facilities
is expected to increase, thus posing a further burden to the electricity grid, which in
many countries is already constrained. This phenomenon is further aggravated by the
uncontrolled and random charging patterns of EVs [3] and by the increasing deployment
of fast charging approaches [4], drawing high power from the grid for short periods [5].
The establishment of distributed generation based on renewable energy sources (RESs)
is a practical solution to the challenges described above, as it will allow local generation
of electricity to charge the EVs. RESs have gained popularity [6] following the drop in
semiconductor price in the last two decades [7]. Among RESs, solar energy is a promising
generating source for both grid-connected [8,9] and off-grid applications [10,11].
As DC sources, PV arrays can be directly connected to a DC-bus system [12]. Com-
pared with the more common AC configuration, the benefits of a dc-bus system include
the following [7,13]:
• Lower energy conversion losses when the system includes dc sources such as PVs,
dc loads such as EVs, and energy storage units (ESUs).
• Reduced cost and lower number of power electronics devices.
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• No need to consider synchronization with the utility grid and reactive power management.
Given the above advantages, the literature shows a growing interest in PV-fed dc
fast-charging stations. A typical PV-fed dc bus charging station is comprised of PV arrays,
EV chargers, ESUs and various DC–DC power converters that connect each component
to a common dc bus. The bus is either connected to the grid (grid-connected mode—
in this case, a DC–AC converter is required) or disconnected from the grid (off-grid or
islanded mode) [14]. An islanded charging station can provide charging facilities for
tourists or long-distance travellers in remote locations with a lack of infrastructure. In this
mode, the bus voltage is regulated by the ESU. Various projects employing AC off-grid
charging stations have been deployed. For example, a 1.0 MW off-grid PV system started to
operate in Bamyan, Afghanistan in 2014 [15]. In Australia, the world’s largest off-grid solar
project, a 10.6 MW PV plant with 6 MW battery was completed in 2016, which reduces the
customer’s total diesel consumption by approximately 20% [16]. Robben Island, a world
heritage site, also has been isolated from the mainland’s power grid from 2017, supplied by
a 666.4 kW solar PV and battery storage microgrid [17].
The existing literature for PV-fed DC charging systems mainly contributes to system
design [18–20], vehicle-to-grid (V2G) operations [21,22], energy management [23–25],
and minimization of electricity bills in smart homes [26]. However, these strategies are
considered at a high level over a long timescale, thus they cannot cope with sudden system
disturbance such as fast irradiance changes.
To fill this gap, [27] proposes a sliding-mode control to regulate the DC=bus out-
put voltage fast dynamic response, but EVs and ESU coordination is not mentioned.
The work presented in [28] introduces a coordinated control to avoid over-charging and
over-discharging of the ESU in islanded mode. However, transient PV generation dis-
ruption, which may cause insufficient EV charging power, thus affecting system stability,
is not considered.
A decentralized control method to coordinate PV generation and ESU charging/
discharging is proposed in [29]. The authors use a droop control-based scheme on the ESU
side and an adaptive power control method on the PV generators side. In [29], the EV
chargers are shown in a simplified form and not regarded as part of the coordination,
hence the impact of any outages from the EV side is not analysed.
Based on the summary above, it can be concluded that the existing decentralized
control strategies for islanded DC bus EV charging systems mainly deal with PV-ESU
coordination [30], while the complete PV-ESU-EV coordination study is still absent. Addi-
tionally, short-term and fast disturbances are not fully analysed. Table 1 summarises the
main characteristic of the works reported above.
Table 1. Comparison of existing literature on islanded DC charging systems.
Ref. [19] Ref. [27] Ref. [28,29]
PV arrays
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level (3L) boost converter [31] is designed for PV generation to provide high efficiency. 
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c s , a DC–AC converter i required) or d sconnect d ro  the grid (off-grid or isl nded
mode) [14]. An islanded charging station can pr vide charging facilities for tourist  or
long-distance travellers i  remot location with a lack f infrast uc ur . In this mod , he
bus voltage is regulated by the ESU. Va ious projects mploying AC off-grid charging
stati ns have been depl yed. For xample, a 1 0 MW ff-grid PV system started to operate
in Bamyan, Afghanistan i  2014 [15]. In Aust al , the world’s la gest off-grid s lar project,
a 10.  MW PV plant with 6 MW battery was completed in 2016, which reduces the 
custom ’s total d sel onsumption by pp oximately 20% [16]. Robben Island,  world
h r tage site, also as been i olated fr m the mainland’s ower grid fro  2017, supplie
by a 666.4 kW solar PV and battery torage mic ogrid [17]. 
The exis ing l teratur  f r PV-fed DC ch rging systems mai ly contribu es to system
de ign [18–20], vehicle-to-grid (V2G) operations [21,22], energy management [23–25], and 
minimizati n f electric ty bills in smart hom  [26]. However, these strategies are
c nsid red at a high lev l over a long timescale, thu  hey ca n t cope with udden
system di turbance such as fas  irra ia ce changes. 
To fill this gap, [27] proposes a sli i g-mod  con r l to regulate the DC=bus output
voltage f st dynamic response, but EVs a d ESU coordination is not mentioned. The work
pre ented in [28] intro uc s a coordinated control to avoid over-charging and over-
discharging of the ESU in islanded mode. H wever, tra sient PV generation disruptio ,
wh ch may cause i sufficient EV charging p wer, thus aff cting system stability, is n t
co si ered. 
A decent alized c ntr l method t  c or inate PV eneration nd ESU
ha g g/disc rging is prop sed i [29]. The au hors use a droop con ro -base  scheme 
on the ESU side and an adaptive power control metho on the PV g erators side. In [29],
the EV charger  are hown  a simplified form nd not regarded a  part of the
, hence t e impact f any outages from the EV side is no  analysed. 
B sed on the summ ry above, it c  be conclud d that the existing decentralized
control strategies for isl nd d DC bu  EV charging ystems m inly deal with PV-ESU 
coordination [30], while the complete PV-ESU-EV coordination study is still absent. 
Additio ally, short-term a d fast disturbances are not fully an lys . Table 1 summarises 
the main characteristic of the works reported above. 
Table 1. Comparison of existing literature on islanded DC charging systems. 
 Ref [19] Ref [27] Ref [28,29] 
PV arrays ✓ ✓ ✓ 
Energy storage ✓ ✓ ✓ 
Fast disturbance considered  ✓ ✓ 
PV-ESU coordinati n ✓  ✓ 
PV-ESU-EV or ination    
This paper proposes novel hybr d con ol schem  for coordinat ng PV arrays, EVs
and ESU. These control schemes include master–slave and droop controls to maintain 
system stability and improve operation under numerous operating conditions. A three-
level (3L) boost converter [31] is designed for PV generation to provide high efficiency. 
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PV-ESU-EV c ordi
This paper proposes novel hybrid control schemes for coordinating PV arrays, EVs and
ESU. These control schemes include master–slave and droop controls to maintain syste
stability and improve operation under numerous operating conditions. A three-level (3L)
boost converter [31] is designed for PV generation to provide high efficiency. The proposed
techniques are implemented in Simulink/Simscape Power Systems. Various cases are
presented and analysed.
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Section 2 describes the islanded charging station configuration. Section 3 illustrates
the proposed PV system control, the charging/discharging control, and the hybrid control
schemes. Simulation results for different cases are presented in Section 4.
2. System Description
The overview of the PV-fed DC-bus EV charging station architecture considered in
this work is shown in Figure 1. The charging station is designed to charge up to 20 EVs
simultaneously: four rapid chargers (62.5 kW) and 16 standard chargers (40 kW). The total
power demand for the station is approximately 890 kW.
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2.1. PV System 
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Figure 1. The architecture of the PV-fed DC bus charging station.
The po er supply consists of three PV arrays connected to the DC bus by means of
three 3L boost converters. The ar ays are connected in a 14 × 90 structure, for a total of
3780 modules. Each module is rated Pmp = 280 W, and therefore the PV system can g nerate
up to 1.06 MW.
n ESU is included to store or el ase nergy, and to ensure that the DC bus voltage is
maintained close to the nominal value nder varying operating conditions.
2.1. PV System
The conventional two-level (2L) boost converter used for PV generation is shown in
Figure 2a: the low voltage side (Vpv) is connected to the PV array and the high voltage
side (Vbus) is connected to the DC bus. This design causes power losses due mostly to the
inductor Lpv: these losses are amplified in high power density and low voltage applications
such as EV charging stations. Hence, an improved boost converter design is necessary
for the PV system to reduce losses. A 3L-boost converter, shown in Figure 2b, is adopted
to provide higher efficiency [31]. It consists of an inductor, two insulated-gate bipolar
transistors (IGBTs) with anti-parallel connected diodes, two capacitors and two diodes.
Compared with a conventional two-level boost converter, this topology requires half rated
voltage for the switches and the capacitor. Additionally, it provides double voltage gain
but requires a quarter of the inductance compared to the 2L converter, as shown in the
following subsections.






Figure 2. PV boost converter circuit: (a) Two-level (2L) boost converter; (b) Three-level (3L) boost converter. 
2.1.1. Voltage Gain 
Figure 3 shows the switching states and corresponding inductor current of the two 
topologies described above (2L and 3L). Since, in steady-state, the time integral of the 
inductor voltage over one cycle must be zero, the voltage gain [32] of the standard 2L 
boost converter is calculated as follows (Figure 3a): 
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Figure 3. Switching mode and inductor current waveforms: (a) 2 L boost converter; (b) 3 L boost converter. 
For the 3L boost converter, the integral is calculated over half cycle, and the voltage 
gain is calculated as follows (Figure 3b): , − ,2 − , = 0 (3) 2 = , = 11 −  (4) 
where the switching-on time is defined as , , the switching-off time is , , and the 
duty ratio is . 
By comparing (2) and (4), it can be concluded that the voltage gain of the 3L boost 
converter is double of the 2L converter, with same duty ratio. 
2.1.2. Inductor Size 
The boost converter output current ripple  is related to the inductor size. The 
conventional 2L boost converter inductance is calculated as [32]:  
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where Vpv is the PV array terminal voltage, Vbus is the main DC bus voltage, ton,a is the
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the duty ratio, defined as Da = ton,a/T.
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For the 3L boost converter, the integral is calculated over half cycle, and the voltage
gain is calculated as follows (Figure 3b):
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where the switching-on time is defined as ton,b, the switching-off time is to f f ,b, and the duty
ratio is Db.
By comparing (2) and (4), it can be concluded that the voltage gain of the 3L boost
converter is double of the 2L converter, with same uty ratio.
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2.1.2. Inductor Size
The boost converter output current ripple ∆ILpv is related to the inductor size. The





























(2Db − 1)(1− Db) (9)






The characteristic waveforms of the two converters inductance current ripples versus
duty ratio are shown in Figure 4. If the maximum inductor current ripple ∆ILpvmax for the
two converters is the same, the corresponding duty ratios are Da = 0.5 and Db = 0.75,
respectively. Substituting these values in (10) and (7), one can verify that the inductance of
the 3L boost converter is a quarter of the 2L boost converter—thus saving on space, cost,
and losses.
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2.2. EV Charger and ESU Converter 
The power converters adopted for the EV charger and the ESU converter are shown 
in Figure 5. They are based on standard converters (i.e., buck converter for EVs and 
bidirectional DC–DC converter for the ESU), in order to reduce computational effort and 
highlight the whole system coordination control from grid operation point of view.  
The EV charger is the buck converter shown in Figure 5a. It includes a semiconductor 
switch, a diode, an inductor and a capacitor. The main functions of the charger are to 
interface the DC bus to the EV battery terminals and to regulate the charging current  
according to the different charging speed requirements and standards. In this paper, two 
EV charger technologies are considered: the standard charger, limited to 80 A, and the fast 
charger, limited to 125 A. 
Figure 4. Current ripple ∆ILpv versus duty ratio for two different converter designs (2L and 3L).
. . ar er a o erter
e o er co verters a o te for t e c arger a t e S converter are sho n
in Figure 5. They are based on standard converters (i.e., buck converter for E s and
bidirectional C– C converter for the ES ), in order to reduce co putational effort and
highlight the hole syste coordination control fro grid operation point of view.
The EV charger is the buck converter shown in Figure 5a. It includes a semiconductor
switch, a diode, an inductor and a capacitor. The main functions of the charger are to
interface the DC bus to the EV battery terminals and to regulate the charging current
Iev according to the different charging speed requirements and standards. In this paper,
two EV charger technologies are considered: the standard charger, limited to 80 A, and the
fast charger, limited to 125 A.
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3.1. PV System Control 
The PV system control, shown in Figure 6a, is designed to regulate the array terminal 
voltage via the 3L boost converter and to extract maximum power from the PV arrays. 
The converter requires balancing of the two capacitor voltages and two 180° phase-shifted 
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includes a standard bi-directional DC–DC convert and a battery. The con-
verter consist of two switches (Sa and Sb), two cap citors and an i ductor, as shown i
Figure 5b. Sa works as active switch for buck mode, while for boost e Sb
ti ti- r llel diodes are also con ected to the switches to provide a p th for the
inductor current while th switches are off.
3. Control System Design
The control of the above system includes three main algorithms: PV system control,
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3.1. PV System Control
The PV system control, shown in Figure 6a, is designed to regulate the array terminal
voltage via the 3L bo st converter and to extract maximum power from the PV ar ays.
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The converter requires balancing of the two capacitor voltages and two 180◦ phase-shifted
carrier signals to control the upper switch and the lower switch, respectively [33].
The reference voltage VPVre f is obtained from one of the most commonly implemented
MPPT algorithms, Perturb and Observe (P&O) [34]. The error term obtained as the differ-
ence between Vpvre f and Vpv is applied to a proportional-integral (PI) controller to generate
the duty ratio Dpv for the 3L boost converter. This term is adjusted by the duty ratio Dc
generated from the capacitor voltage balance controller. In this way, the voltages of the
upper and lower capacitors (Vf 1 and Vf 2) are kept well balanced.
3.2. Charging/Discharging Control
The charging/discharging control is deployed in the 20 EV chargers and ESU converter.
The EV charging control is shown in Figure 6b, and the reference charging current is Ievre f .
The controller contains a disable function depending on the average value of the solar
irradiance Gavg. This function enables the EV chargers to coordinate with the ESU and
limits the ESU discharging current. When Gavg falls below a certain level, the disable
function is triggered. Subsequently, the EV charging current reference becomes zero and
the charger is soft switching off from the DC bus. The number of disconnected EVs
increases with Gavg dropping. In the proposed design, when Gavg reduces to zero, only two
EV chargers are connected, and the rely on the ESU for charging. When the ESU reaches the
minimum state-of-charge (SoC) level, and Gavg keeps being equal to zero, all EV chargers
are switched off, until the PV arrays generate power again.
The ESU bi-directional DC–DC converter is controlled to ensure that the DC bus
voltage is maintained at the nominal level. It can either work in buck mode to charge the
battery, or in boost mode to discharge it. A control strategy has been designed to regulate
switching between the two modes, as shown in Figure 7. After setting the reference voltage
and monitoring the bus voltage and power in the system, the difference between the
instantaneous power generated by the PVs (Pmpp and the power absorbed by the EVs
(Pev is used to determine the converter operating model:
Electronics 2021, 10, 1142 7 of 16 
 
 
The reference voltage  is obtained from one of the most commonly 
implemented MPPT algorithms, Perturb and Observe (P&O) [34]. The error term obtained 
as the difference between  and  is applied to a proportional-integral (PI) controller 
to generate the duty ratio  for the 3L boost converter. This term is adjusted by the duty 
ratio  enerated from the capacitor voltage balance controller. In this way, the voltages 
of the upp r and lower capacitors (  and ) are kept well balanced. 
3.2. Charging/Discharging C ntr  
The charging/discharging control is deployed in the 20 EV chargers and ESU 
converter. The EV charging control is shown in Figure 6b, and the reference charging 
current is . The controller contains a disable function depending on the average value 
of the solar irradiance . This function enables the EV chargers to coordinate with the 
ESU and limits the ESU discharging current. When  falls below a certain level, the 
disable function is triggered. Subsequently, the EV charging current reference becomes 
zero and the charger is soft switching off from the DC bus. The number of disconnected 
EVs increases with  dropping. In the proposed design, when  reduces to zero, 
only two EV chargers are connected, and the rely on the ESU for charging. When the ESU 
reaches the minimum state-of-charge (SoC) level, and  keeps being equal to zero, all 
EV chargers are switched off, until the PV arrays generate power again. 
The ESU bi-directional DC–DC converter is controlled to ensure that the DC bus 
voltage is maintained at the nominal level. It can either work in buck mode to charge the 
battery, or in boost mode to discharge it. A control strategy has been designed to regulate 
switching between the two modes, as shown in Figure 7. After setting the reference 
voltage and monitoring the bus voltage and power in the system, the difference between 
the instantaneous power generated by the PVs (  and the power absorbed by the EVs 
(  is used to determine the converter operating model: 
• − ≥ 0: ESU in buck mod  (charge) 
• − < 0: ESU in boost mode (discharge) 
Start
Sense dc bus voltage Vbus
Sense total pv system power Pmpp, total EVs 
power Pev
Pmpp −  Pev ≥ 0 ?
Return
Yes
Convert switches into 
buck mode 
No
Convert switches into 
boost mode 
Set the bi-directional dc/dc converter 
voltage reference value Vref
 
Figure 7. Flow chart of the ESU buck/boost mode detection. 
A time delay equal to 0.1 s is added to the logic shown in Figure 7 to avoid changing 
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Figure 7. Flow chart of the ESU buck/boost mode detection.
• Pmpp − Pev ≥ 0: ESU in buck mo e (charg )
• Pmpp − Pev < 0: ESU in boos mode (discharge)
A time delay equal to 0.1 s is added to the logic shown in Figure 7 to avoid changing
the operating mode too frequently, which can damage the ESU battery.
Since the DC system is islanded from the grid, the three algorithms described above
are not suitable for all operating conditions. More advanced control strategies are required
to maintain system stability under fast-changing operating conditions, such as sudden
disconnection of the ESU, or rapid change in PV generated power due to irradiance
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variation. Therefore, a hybrid control scheme is adopted to handle these transients and
maintain coordination across all converters.
3.3. Hybrid Control
Although the control scheme described in the previous section provides accurate
current sharing during both steady-state and transient conditions, the main drawback
is that the stability and reliability of the entire system is highly dependent on the ESU.
Therefore, the ESU cannot be switched off nor the current through it can be regulated when
SoC falls below or rises above a certain value.
Furthermore, the proposed charging/discharging controller is only suitable for slow-
changing conditions. When fast disturbances occur in the system, the EVs cannot con-
nect/disconnect from the bus frequently in a short period of time because this operating
mode may damage the EV batteries. Therefore, an additional control loop is required to
cope with these sudden transients.
The aforementioned challenges can be overcome by adopting a droop-based control
which exhibits flexible current sharing capabilities and high reliability. However, the inher-
ent trade-off between current sharing and bus voltage regulation degrades the performance
of the droop-based control scheme. To this end, a hybrid control scheme that exploits
advantages from both droop and master–slave control methods is proposed.
Figure 8a shows the modified ESU control system, which is adaptive to the rate of
change in solar irradiance G′ ( dGavgdt ), change in SoC, and change in demand. The modified





where Kesu represents the ESU droop gain, varying between 0 and 1. The droop gain is
generated using a look-up table based on the levels of G′ and SoC.
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where Kdroop represents the EV adaptive droop gain and is calculated using the levels of
G′ and SoC.
The overall system operation can be described by the following control modes:
• Mode 1—Master-slave control: Kesu = 1, Kdroop = 0 and SoC & G′ are within the defined
limits: droop controls are disabled.
• Mode 2—Hybrid control: 0≤ Kesu ≤ 1, 0 < Kdroop ≤ 1 and SoC or G′ falls outside the
defined limits: droop controls are activated to provide better transient response.
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• Mode 3—The ESU battery charging reaches its SoC limit (90%) and no EVs are con-
nected. This mode leads to Kdroop = 0 and Kesu < 1, and the PVs are disconnected from
the bus to avoid the system to become unstable.
The charging station overall control strategies are shown in Figure 9, which comprises
the three main control functions (PV system 3L boost converter control, EVs buck converter
control with droop control, and the ESU converter control) and coordination between the
ESU and EVs.
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4. Si ulation Results
To validate the eff ctiven ss of the proposed control st ategies, the ystem is imple-
ment d in Simulink/Simscape Power Syst ms. The system para eters are listed in Table 2.
Simulation results are presented in this section for various operating conditions.
For all simulations, initially, the PV arrays generate the rated power, and no EVs are
conn cted. Therefore, the power Pmpp flows to the ESU. The 20 EVs connect to the DC bus
between 1 and 2 s: although this connecting sequence is much faster than the one taking
place in the real world, it is adopted to show the stability of the proposed control.
Two different solar irradiance profiles are considered, as shown in Figure 10. So-
lar irradiance G1 is 1 kW/m2 initially, and decreases to 500 W/m2 between 2.5 and 3.5 s,
to further drop to 0 kW/m2 between 4 and 5 s. Solar irradiance G2 drops from 1 kW/m2
to 300 W/m2 between 2.5 and 3.5 s, and to 0 kW/m2 between 4 and 4.5 s. Furthermore,
the initial SoC for the ESU is set to 40 %, where the nominal operating range is 30–70% [35].
4.1. Master–Slave Control Mode for Slow Irr d ance Change
One of the most important factors affecting system stability is the rate of change in
solar irradiance (G′. The following subsections will address the impact of this parameters
for d fferent irradiance profiles and applied to a varying number of PV panels.
4.1.1. Case 1: Single-Array Irradiance Changing according to G1
In this case, the irradiance of one of the three PV array power is changing according
to G1, and the other two are constant at 1000 W/m2.
Figure 11a,b show the DC bus voltage and three PV array currents. At the beginning
of the simulation, the voltage is maintained at a nominal value 750 V, and the array currents
are 460 A. The first array current (IPV1) starts to drop at t = 2.5 s when its irradiance is
reduced, while the other two are constant. Following the sudden drop in generation,
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at t = 3.4 s the ESU converter changes from buck mode to boost mode to discharge the
battery and to keep the bus voltage constant, while supplying power to charge the EVs.
At 4.8 s, the first PV array is disconnected from grid due to the low irradiance value and its
current drops to 0. In spite of the oscillations in the waveforms due to battery discharging,
the voltage profile is maintained within the 5% of the nominal value (750 V). The oscillations
in DC voltage will disappear when the battery will switch back to buck mode.
Table 2. System parameters.
Component Value
Source Side
PV module quantity n = 14 × 90 × 3
Per module Max. voltage Vmp = 35 V
Per module Max. current Imp = 8 A
Per module Max. Power at STC Pmpp = 280 W
3L converter input side capacitor Cpv = 0.3 mF
3L converter inductor Lpv = 1 mH
Converter output side capacitor C f 1 = C f 2 = 4.2 mF
PI controller Kp = 10, Ki = 150
Charger Side
EV battery charger type 1 Vev1 = 400 V; Iev1 = 80 AInit. SoC = 5%
EV battery charger type 2 Vev2 = 400 V; Iev2 = 125 AInit. SoC = 5%
Buck converter Cev = 25 µFLev = 2.5 mH
ESU
ESU battery
Vesu = 500 V
Cap: 1000 Ah
Init. SoC = 40%
Bi-directional dc/dc converter Cesu = 25 µFLesu = 1 mH
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Figure 11c,d show the ESU current and battery SoC, respectively. The ESU is charging
between t = 0 s and t = 3.5 s, and discharges afterwards, when the ESU switches to buck
mode. Figure 11e shows the EVs charging currents. The EVs connect in sequence between
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t = 1 and 2 s, and two of the EVs are disconnected at t = 4.4 s and t = 4.8 s, respectively,
as the ESU is unable to meet the full power demand. Therefore, in this case, 18 vehicles can
be charged for t > 5 s.
4.1.2. Case 2: Two Arrays Irradiance Changing according to G1
In this case, the irradiance of two PV arrays change according to G1 and for the third
array, the irradiance remains constant at 1000 W/m2. Figure 12 shows the main DC bus
voltage. The voltage oscillations are due to the ESU switching from buck mode to boost
mode, as in Case 1, and additional spikes are due to the disconnection of electric vehicles.
However, the voltage remains close to 750 V and the ripple is within the 5% of nominal
level. In this case, for t > 5 s only 10 EV can be charged, because the PV-generated power
is reduced.
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DC bus between 3 s and 5 s. The two remaining EVs re charged by the ESU directly.
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Solar irradiance can change sudde ly at any point in time, and the following case 
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Figure 13. DC bus voltage for Case 3.
. . ri tr l e f r i Irr i e e
l r irr i c c c s nl t i t i ti , t f ll i c s
s o s t e res lts e t is ara eter c a es accor i to c r e 2 i i re 10.
Figures 14 and 15 show the droop gain and the voltage profile for two cases: without
and with the droop control, respectively. Figure 14b illustrates that the bus voltage drifts
from the rated value without droop control. When the droop control is implemented,
the voltage is stable, as shown in Figure 15b m and the gain Kdroop changes from 0 to 1
to enable droop control when the rate of change in irradiance G′ is beyond the threshold
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600 W/(m2s), as shown in Figure 15a. This case indicates that the proposed droop control
is required when fast irradiance change takes place, while it is not necessary under slow-
changing operating conditions.
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